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Fig. 11
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RESIDUAL HAVING LARGEST ABSOLUTE
YALUE

L“““ — - END
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1
POSITIONING DEVICE

TECHNICAL FIELD

The present invention relates to a positioning device that
performs satellite positioning.

BACKGROUND ART

Various errors are included in GNSS (Global Navigation
Satellite System) observation data transmitted from a satel-
lite positioning system (GNSS) such as a GPS

Global Positioning System

The errors included in the GNSS observation data need to
be eliminated in order to realize highly accurate positioning.

Patent Literature 1 discloses a technique of eliminating an
error by performing double difference calculation of the
error associated with a pseudorange and a carrier phase, for
example.

CITATION LIST

Patent Literature

Patent Literature 1: JP 2009-257802 A

SUMMARY OF INVENTION

Technical Problem

Multipath 1s one cause of degrading positioning accuracy.

The multipath 1s a phenomenon that occurs when a GNSS
signal including the observation data reaches an antenna of
a positioning device via a plurality of paths.

The multipath occurs when, for example, a GNSS signal
(multipath signal) reaching the antenna of the positioning
device after reflected ofl a building or the like interferes with
a GNSS signal directly reaching the antenna.

Urban areas with many buildings and mountainous areas
with many forests are prone to the multipath, thus a multi-
path signal needs to be eliminated in order to realize highly
accurate positioning in these areas.

The multipath signal 1s strongly dependent on a reception
environment at a positioning point, and so correction data
used to eliminate the multipath signal cannot be distributed.

Moreover, a degree to which the GNSS signal 1s 1nflu-
enced by the multipath varies for each GNSS signal, so that
the multipath signal cannot be eliminated by the double
difference calculation described 1n Patent Literature 1.

The present invention has been made 1n consideration of
such circumstances, where a main object of the present
invention 1s to eliminate observation data influenced by the
multipath 1 order to realize highly accurate positioning.

Solution to Problem

A positioning device according to the present invention
includes:

a least squares method positioming execution unit to
execute least squares method positioning by using, as an
observation amount, n (n 1s an 1nteger of 3 or larger) number
of single difference amounts of an L1-wave pseudorange
obtained from n pieces of observation data from n number
of posttioning satellites and n pieces of correction data
corresponding to the n pieces of observation data;
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a sum-oif-squares calculation unit to calculate a sum of
squares ol n residuals obtained for each positioning satellite
by executing the least squares method positioning;

a normalization unit to normalize the n residuals; and

an evaluation unit to evaluate the sum of squares calcu-
lated by the sum-of-squares calculation unit and the n
residuals normalized by the normalization unit.

Advantageous Effects of Invention

Residuals vary greatly between observation data influ-
enced by the multipath, and an individual residual 1s large 1n
the observation data influenced by the multipath.

In the present invention, the observation data influenced
by the multipath can be eliminated by evaluating the varia-
tion of the residual on the basis of an evaluation on a sum
of squares of the residual and by evaluating the amount of

individual residual on the basis of an evaluation on a
normalized residual.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a diagram 1llustrating a configuration example of
a positioning system according to a first embodiment.

FIG. 2 1s a diagram illustrating mmput/output of a posi-
tioning device according to the first embodiment.

FIG. 3 1s a table illustrating input/output data of the
positioning device according to the first embodiment.

FIG. 4 15 a table illustrating observation data according to
the first embodiment.

FIG. 5 15 a diagram 1llustrating a source of error included
in a GPS signal according to the first embodiment.

FIG. 6 1s a diagram 1llustrating a relationship between an
error 1n the GPS signal and reinforcement information
according to the first embodiment.

FIG. 7 1s a diagram 1llustrating a grid point according to
the first embodiment.

FIG. 8 1s a diagram 1llustrating a configuration example of
the positioning device according to the first embodiment.

FIG. 9 1s a table illustrating elements of the positioning
device according to the first embodiment.

FIG. 10 1s a table illustrating intermediate data of the
positioning device according to the first embodiment.

FIG. 11 1s a flowchart 1llustrating an operational example
ol an observation data screening unit according to the first
embodiment.

FIG. 12 1s a diagram 1illustrating a breakdown of the
observation data according to the first embodiment.

FIG. 13 1s a diagram 1illustrating double difference calcu-
lation according to the first embodiment.

FIG. 14 1s a diagram 1illustrating a processing flow of a
Kalman filter according to the first embodiment.

FIG. 15 1s a table illustrating a vector and a matrix used
in the Kalman filter according to the first embodiment.

FIG. 16 1s a tflowchart illustrating a procedure of least
squares method positioning according to the first embodi-
ment.

FIG. 17 1s a table 1llustrating a calculation expression of
the least squares method positioning according to the first
embodiment.

FIG. 18 1s a table 1llustrating a calculation expression of
the least squares method positioning according to the first
embodiment.

FIG. 19 1s a diagram 1llustrating an example of a hardware
configuration of the positioning device according to the first
and second embodiments.
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DESCRIPTION OF EMBODIMENTS

First Embodiment

1. System Configuration

FI1G. 1 1s a diagram 1llustrating a configuration example of
a positioning system according to the present embodiment.

An example described below uses a GPS satellite as a
positioning satellite.

Instead of the GPS satellite, there may be used a GNSS
such as GLONASS, Galileo, and BeiDou or an RNSS

(Regional Navigation Satellite System) such as a quasi-
zenith satellite.

As 1llustrated mm FIG. 1, a positioning device 100 1s
mounted to a mobile body such as an automobile.

The positioning device 100 receives observation data 501
and a broadcast ephemeris 502 transmitted from a GPS

satellite 300.

The broadcast ephemeris 502 1s also called an ephemeris.

The positioning device 100 also recerves reinforcement
information 400 transmitted from a reimnforcement informa-
tion distribution satellite 200.

An operation of the positioning device 100 will be mainly
described 1n the present embodiment and a second embodi-
ment.

The reinforcement information distribution satellite 200
receives reinforcement information from a ground station
not shown in FIG. 1, and distributes the received reinforce-
ment information as the reinforcement imnformation 400.

The GPS satellite 300 being a positioning satellite trans-
mits the observation data 501 and the broadcast ephemeris
502.

The positioning device 100 needs to acquire four or more
of the GPS satellite 300 1n order to perform positioning.

2. Overview of Operation of Positioning Device 100

Here, there will be described an overview of the operation
of the positioning device 100 described in the present
embodiment and the second embodiment.

As 1illustrated 1n FIG. 2, the positioning device 100
receives the observation data 501 and the broadcast ephem-

eris 502 as a GPS signal and the reinforcement information
400.

The positioning device 100 then uses the reinforcement
information 400 as well as the observation data 501 and the
broadcast ephemeris 302 to calculate the position of a
positioning point (the position of the positioning device
100).

FIG. 3 illustrates the observation data 501, the broadcast
ephemeris 502, the reinforcement information 400 and the
position 1n detail.

3.1. Observation Data

A pseudorange between the positioning point and the GPS
satellite 300 as well as a carrier phase can be derived from
the observation data 501.

FI1G. 4 1llustrates the pseudorange and the carrier phase in
detail.

Each of the pseudorange and the carrier phase derived
from the observation data 501 includes an error.

The positioning device 100 uses the reinforcement nfor-
mation 400 to eliminate the error included in each of the
pseudorange and the carrier phase.

Note that 1n the following description, a pseudorange for
.1 wave of a GPS satellite 1 will be denoted as P(i, 1), and
a pseudorange for L2 wave of the GPS satellite 1 will be

denoted as P(1, 2).
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4

Moreover, a carrier phase for the L1 wave of the GPS
satellite 1 will be denoted as ¢) (1, 1), and a carrier phase for

the L2 wave of the GPS satellite 1 will be denoted as ¢) (1,
2).

3.2. Reinforcement Information

FIG. 5 illustrates a bias error and a noise source included

in the observation data 501.

Errors resulting from the GPS satellite 300 i1nclude an
orbit error, a satellite clock error, and an inter-ifrequency
bias, and errors resulting from a signal propagation path
include an 1onospheric propagation delay error (also called
an 1onospheric delay error or an 1onospheric delay amount)
and a tropospheric propagation delay error (also called a
tropospheric delay error or a tropospheric delay amount).

Errors resulting from a receiver of the positioning device
100 include a receiver clock error, a receiver noise and an
error associated with multipath that 1s caused by an inter-
ference between a GPS signal reflected off a building and a
GPS signal directly received from the GPS satellite 300.

Among these errors, the errors resulting from the receiver
vary depending on the performance and a reception envi-
ronment of the recerver of the positioning device 100 used
by a user, and are thus not included in correction data and the
reinforcement information but eliminated by processing of
the positioning device 100.

The errors resulting from the GPS satellite 300 and the
signal propagation path are compressed and distributed as
the reinforcement information from the reinforcement infor-
mation distribution satellite 200.

In addition to the errors illustrated in FIG. 5, errors
resulting from an earth tide eflect and a phase wind up effect
that vary depending on the position of the positioning point
are 1ncluded 1n the correction data but not included i the
reinforcement information.

FIG. 6 1llustrates a breakdown of the reinforcement infor-
mation taking the atorementioned points into consideration.

A ground station collects the observation data 501 from a
reference point via a terrestrial channel and generates cor-
rection data.

The correction data 1s traditionally distributed as rein-
forcement information together with reliability information
of the correction data at an update cycle of one second via
a mobile phone or a wireless LAN (Local Area Network).
However, the remnforcement information of the present
embodiment 1s broadcast to users through a communication
line of an artificial satellite with limited transmission capac-
ity, so that the errors 1n the reinforcement information of the
present embodiment are classified into a high rate and a low
rate according to the degree of temporal fluctuations and
subjected to time compression.

More specifically, the error classified under the high rate
1s updated every five seconds, while the error classified
under the low rate 1s updated every 30 seconds.

While the conventional correction data 1s generated at
cach reference point set at intervals of about 10 to 30 km and
distributed, the 1onospheric delay error and the tropospheric
delay error (with a spatial fluctuation) resulting from the
signal path and included 1n the reinforcement information of
the present embodiment are distributed only at every gnd
point (FIG. 7) with a 60-km radius to be subjected to space
compression.

Furthermore, in the present embodiment, the errors
included in the reinforcement information are classified into
an error which 1s dependent on frequency (a frequency-
dependent error) and an error which 1s independent of
frequency (a frequency-independent error).
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The frequency-independent error 1s classified as the high-
rate error, and the frequency-dependent error 1s classified as
the low-rate error.

Among the frequency-independent errors, the satellite
clock error alone 1s updated every five seconds and distrib-
uted.

The other frequency-independent errors, namely the sat-
cllite orbit error, the inter-frequency bias and the tropo-
spheric delay error, are updated every 30 seconds and
distributed.

However, for each of the satellite orbit error, the inter-
frequency bias and the tropospheric delay error, a variation
from the error updated every 30 seconds 1s added every five
seconds as a correction value to the satellite clock error
(updated every five seconds and distributed).

In other words, during 30 seconds, five correction values
(30 seconds/5 seconds—1=3) for each of the satellite orbait
error, the inter-frequency bias and the tropospheric delay
error are added to the satellite clock error updated every five
seconds.

As a result, the positioning device 100 can receive an
updated value of each of the satellite orbit error, the inter-
frequency bias and the tropospheric delay error every 30
seconds as well as receive the correction value of each of the
satellite orbit error, the inter-frequency bias and the tropo-
spheric delay error every five seconds.

The positioning device 100 then adds the correction value
received every five seconds to the updated value received
every 30 seconds to be able to perform correction on the
satellite orbit error, the inter-frequency bias and the tropo-
spheric delay error every five seconds.

The correction value for each of the satellite orbit error,
the inter-frequency bias and the tropospheric delay error
obtained every five seconds and added to the satellite clock
error 1s also called a consistency.

In the present embodiment, the data volume of the rein-
forcement information i1s compressed by distributing the
consistency every five seconds.

Note that the inter-frequency bias 1s based on an L1 signal
and represents a delay amount within a satellite payload of
cach signal, where an inter-frequency bias (L1 bias) 1s ‘0’
and an iter-frequency bias (L2 bias) represents a delay
amount of an L2 carrier signal with respect to an L1 carrier
signal ‘L.2-1.1".

An inter-frequency bias (LLO bias) represents a frequency-
independent term of the inter-frequency bias and 1s calcu-
lated from the inter-frequency bias (L1 bias) and the inter-
frequency bias (L2 bias) as expressed by expression 1 1n
FIG. 6.

The inter-frequency bias based on the L1 signal may also
be based on another signal without any problem, where the
same ellect can be expected when an L35 signal 1s used.

4. Configuration Example of Positioning Device

FIG. 8 1s a diagram 1illustrating a configuration example of
the positioning device 100 according to the present embodi-
ment.

FIG. 9 illustrates a brief description of each component
illustrated 1n FIG. 8, and FIG. 10 illustrates a brief descrip-
tion of intermediate data.

An approximate position/satellite position calculation unit
101 receives the observation data 501 and the broadcast
ephemeris 502 from the GPS satellite 300 and calculates an
approximate position of the positioning point and a position
of each GPS satellite 300.

An approximate position 151 and a satellite position 152
are calculation results of the approximate position/satellite
position calculation unit 101.
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The approximate position 151 1s a position of the posi-
tioning point that 1s calculated by independent positioning
and accurate on the order of meters.

The satellite position 152 1s a position of each GPS
satellite 300 from which the positioning device 100 receives
the observation data.

A correction data creation unit 102 receives the reinforce-
ment information 400 from the reinforcement information
distribution satellite 200 as well as acquires the approximate
position 151 and the satellite position 1352 to calculate
correction data 153 from the reinforcement information 400,
the approximate position 151 and the satellite position 152.

The correction data 153 indicates an error expected to be
included 1n the observation data 501 that 1s recerved at the
positioning point from each GPS satellite 300.

An observation data screeming unit 103 eliminates the
observation data 501 that 1s expected to be degraded in
quality.

The observation data screening unit 103 corresponds to an
example of a least squares method positioning execution
unit, a sum-of-squares calculation unit, a normalization unit
and an evaluation unait.

An observation data error correction umt 104 performs
double difference calculation to output double difference
data 154 of the observation data.

The double difference data 154 indicates a value obtained
by subtracting observation data of a master satellite (obser-
vation data already corrected by using the correction data
153) from observation data of a slave satellite (observation
data already corrected by using the correction data 153).

The double difference calculation and the double differ-
ence data 154 will be described later.

A time extrapolation calculation unit 1035 performs time
extrapolation calculation to estimate a state quantity X(t) of
a current epoch from a state quantity X (t—At) of a previous
epoch.

Note that notation in which “” lies directly above “X” in
FIG. 8 1s identical in meaning to the notation in which “*”
lies at the upper right of “X” (“X™).

Moreover, “ indicates a state quantity after being
updated by an observation update calculation unit 108 to be
described.

A geometric distance calculation unit 106 calculates a
geometric distance 1535 from the GPS satellite 300 to the
positioning point on the basis of the satellite position 152.

A residual calculation unit 107 calculates a double dii-
terence residual 156 from the double difference data 154 and
the geometric distance 155.

The observation update calculation unit 108 updates the

state quantity X(t) such that the state quantity X(t) has the
smallest estimated error.

The state quantity X(t) after being updated by the obser-
vation update calculation unit 108 1s denoted as the state
quantity X" ().

An ambiguity calculation unit 109 calculates ambiguity
being a bias amount of the carrier phase and updates the state
quantity X (t) on the basis of the calculation result.

A value of the position included in the state quantity X (1)
updated by the ambiguity calculation unit 109 1s output as a
positioning result.

Moreover, the state quantity X (1) updated by the ambi-
guity calculation unit 109 1s subjected to the time extrapo-
lation calculation by the time extrapolation calculation unit
105 as the state quantity X (t—At) of the previous epoch.

A double difference residual analysis unit 110 i1dentifies
observation data suspected of being intfluenced by the mul-
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tipath, and notifies the observation data screening unit 103
of the observation data suspected of being influenced by the
multipath.

Moreover, the double difference residual analysis unit 110
instructs the ambiguity calculation unit 109 to recalculate
the ambiguity when a cycle slip 1s suspected.

The double diference residual analysis unit 110 together
with the observation data screening unit 103 corresponds to
an example of the evaluation unit.

4.1. Observation Data Screening Umt 103

Here, an operation of the observation data screeming unit

103 will be described 1n detail.

The observation data screening umt 103 employs a
residual detection and elimination scheme using a single
difference to detect, from among a plurality of pieces of
observation data, the observation data influenced by the
multipath and eliminate the observation data being detected.

FIG. 11 illustrates an operational example of the obser-
vation data screening unit 103.

The operational example of the observation data screen-
ing unit 103 will be described below with reference to FIG.
11.

When three or more of the GPS satellites 300 are acquired
(YES 1n S1101), the observation data screening unit 103
executes least squares method positioning (S1102) 1n which
a single difference amount (hereinafter simply referred to as
a single difference as well) of an L1-wave pseudorange to be
described 1n section 4.2.1 1s used as an observation amount.

That 1s, the observation data screening umt 103 executes
the least squares method positioning by using, as the obser-
vation amount, n (n 1s an teger of 3 or larger) number of
single difference amounts of the L1l-wave pseudorange
obtained from n pieces of the observation data 501 from n
number ol the GPS satellites 300 and n pieces of the
correction data 153 corresponding to the n pieces of the
observation data 3501.

A procedure of the least squares method positioning 1s
illustrated 1n FIG. 16, and a calculation expression of the
least squares method positioning 1s illustrated i FIGS. 17
and 18.

The procedure of the least squares method positioning in
FIG. 16 and the calculation expression of the least squares
method positioning 1n FIGS. 17 and 18 are already known
and thus will not be described.

The least squares method positioning 1s executed to be
able to obtain a residual of the observation amount for each
GPS satellite 300.

That 1s, n number of residuals are obtained for n number
of the GPS satellites 300.

A variation among the n number of residuals obtained by
the least squares method positioning 1s larger when the
observation data includes the multipath than when the
observation data does not include the multipath.

Moreover, each of the n number of residuals 1s larger in
magnitude when the observation data includes the multipath
than when the observation data does not include the multi-
path.

The observation data screening unit 103 calculates a sum
of squares of the residual of the observation amount of each
satellite (calculates a sum of squares of then number of
residuals) to evaluate the variation 1n the magnitude among,
the n number of residuals (S1103).

The observation data screening unit 103 further normal-
1zes then number of residuals (S1103).

A calculation expression of the sum of squares and a
normalization calculation expression are as follows.
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Note that in the following expressions, R represents
observation noise, H represents an observation matrix, n
represents the number of satellites acquired, and indices 1
and 7 represent satellite numbers.

A matrix M 1s a matrix which represents an expected
variance of the residual.

Where an expected value of A 1s denoted as E<A>, an
clement M(1, 1) of M with 1 rows and ] columns 1s repre-

sented as M(1, j)=E<dz(i)*dz(j)

, o = normalization parameter |Expression 1]
R=0°k, « . . .
E, = n Xn 1dentity matrix
M=H H" +R
H'R1H

Sum of squares of residual:

2z :Z”: ZH: dz; M dz;

i=1 j=1

Normalization of residual: zr; =

Next, the observation data screening unit 103 compares a
sum of squares zz of the residual with a threshold (first
threshold) (S1104 and S1105).

When the sum of squares zz of the residual does not
exceed the threshold (NO 1n S11035), the observation data
screening unit 103 determines that the multipath 1s not
included 1n any of the n pieces of the observation data and
ends the processing.

On the other hand, when the sum of squares zz of the
residual exceeds the threshold (YES 1in S1105), the obser-
vation data screening unit 103 compares each of n number
of normalized residuals zn, with a threshold (second thresh-
old) (51104 and 51106).

When none of the n number of normalized residuals zn,
exceeds the threshold (NO 1n S1106), the observation data
screening unit 103 determines that the multipath 1s not
included in any of the n pieces of the observation data and
ends the processing.

On the other hand, when at least one of the n number of
normalized residuals zn, exceeds the threshold (YES in
S1106), the observation data screening unit 103 discards, as
data including the multipath, a piece of observation data
from the GPS satellite 300 corresponding to the residual zn,
having the largest absolute value among the n number of
normalized residuals zn, (S1107).

The observation data screeming unit 103 also eliminates
observation data satistying any of the following conditions
1) to 3) as data suspected of including the multipath.

1) Signal intensity 1s lower than a threshold (third thresh-
old) being set

The observation data includes signal intensity of a GPS
signal.

The observation data including the multipath tends to
have lower signal intensity, whereby the observation data
screening unmt 103 eliminates the observation data with the
signal intensity lower than the threshold.

2) Satellite elevation angle 1s smaller than a threshold
(mask angle) (fourth threshold) being set

The observation data from the GPS satellite with a low

clevation angle passes through long distances of an 10no-
sphere and a troposphere and 1s highly likely to be reflected
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ofl a building, whereby the observation data screening unit
103 eliminates the observation data from the GPS satellite
with the low elevation angle.

3) Pseudorange double diflerence residual (refer to sec-
tion 4.2.2) exceeds an estimated error (fifth error) estimated
by Kalman filter

The double difference residual analysis unit 110 compares
the estimated error (observation value error) estimated to be
included 1n a double difference observation amount by the
Kalman filter with the pseudorange double diflerence
residual and, when the pseudorange double difference
residual exceeds the estimated error, the observation data
screening unit 103 eliminates the corresponding observation
data.

The estimated error by the Kalman filter 1s calculated by
a diagonal component o, of a matrix o expressed by the
following expression.

o=HFPH+R

For H and R, an observation matnx (FIG. 14) and
observation noise (FIG. 14) used by the observation update
calculation unit 108 1n performing an observation update,
are used respectively, and for P, an error covariance matrix
(FIG. 14) estimated by the time extrapolation calculation
unit 105 1s used.

The double difference residual analysis unit 110 compares
an observation value error of a pseudorange double difler-
ence of the GPS satellite having a satellite number 1 with a
residual of the pseudorange double difference and, when the
residual 1s larger, notifies the observation data screening unit
103 of the satellite number 1 so that the observation data
screening unit 103 eliminates the observation data from the
GPS satellite having the satellite number 1.

The observation data screening unit 103 eliminates the
observation data including the multipath as described above,
whereby only the observation data not including the multi-
path 1s mput to the observation data error correction unit
104.

Moreover, the observation data screening unit 103 selects
a plurality of satellites from among the observed satellites,
switches a selected satellite, executes the processing
employing the residual detection and elimination scheme
using the single difference as described above, executes
multipath detection, and inputs the observation data from a
combination of satellites having the smallest residual to the
error correction unit 104.

In the satellite selection, the number of satellites being
selected corresponds to the number of visible satellites at the
maximum and, at the minimum, four satellites with which
positioning calculation can be performed.

This selection 1s performed with all combinations of the
visible satellites.

4.2.1. Double Diflerence Amount

The double difference calculation performed by the obser-
vation data error correction unit 104 will now be described.

FIGS. 12 and 13 1llustrate the double diflerence calcula-
tion.

The observation data includes the pseudorange and the
carrier phase as 1llustrated in FIG. 4.

Each of the pseudorange and the carrier phase includes
the error 1llustrated in section 3.2 and FIG. 6, where the error
includes an amount included 1n the correction data (refer-
ence numeral 1201 1n FI1G. 12) as well as the receiver clock
error (reference numeral 1203 1n FIG. 12) and the receiver
noise (reference numeral 1204 1n FIG. 12) resulting {rom the
receiver and not included 1n the correction data (the multi-

path 1s 1gnored 1n this case).
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A portion obtained by eliminating all the errors 1s a true
range (geometric distance indicated with reference numeral
1202 1n FIG. 12) between the positioning point and the GPS
satellite 300. The error amount (reference numeral 1201 1n
FIG. 12) included in the correction data i1s eliminated by
subtracting the correction data from the observation data

(the pseudorange and the carrier phase) from each GPS
satellite 300.

The error amount obtained after subtracting the correction
data from the observation data (the pseudorange and the
carrier phase) 1s called a single difference amount.

When a certain GPS satellite 1s determined to be a master
satellite (a GPS satellite near the zenith 1s usually selected)
and a GPS satellite other than the master satellite 1s deter-
mined to be a slave satellite, a single difference of the master
satellite 1s subtracted from a single diflerence of the slave
satellite.

As 1llustrated i FI1G. 13, the single difference of the slave
satellite and the single difference of the master satellite are
single differences of a common receiver, so that the receiver
clock error (reference numeral 1203 in FIG. 12) included 1n
the single difference of the slave satellite 1s equal to the
receiver clock error included 1n the single difference of the
master satellite.

Therefore, the receirver clock error (reference numeral
1203 m FIG. 12) 1s cancelled by subtracting the single
difference of the master satellite from the single difference
of the slave satellite.

An error amount obtained after eliminating the receiver
clock error 1s called a double difference amount (or simply
called a double diflerence).

The main error 1s eliminated by calculating the double
difference amount, and there remain the geometric distance
(reference numeral 1202 1 FIG. 12), the receiver noise
(reference numeral 1204 1n FIG. 12) and the ambiguity
(reference numeral 1205 1n FIG. 12, only the carrier phase).

The recerver noise equals zero when time-averaged and
can thus be eliminated by performing statistical processing
(Kalman filter 1in section 4.2.2 to be described) in the process
ol continuing the observation.

The ambiguity can be estimated by using the pseudorange
from which the error 1s eliminated (refer to section 4.2.3 to
be described) and, as a result, the position can be estimated
with high accuracy.

4.2.2. Kalman Filter

The Kalman filter realizing the time extrapolation calcu-
lation unit 105 and the observation update calculation unit
108 1n FIGS. 8 and 9 will be described.

FIG. 14 1llustrates a processing tlow of the Kalman filter.

FIG. 15 1llustrates a description of a variable used 1n the
processing of the Kalman filter.

The time extrapolation calculation unmit 105 i FIG. 8
performs time extrapolation calculation using the Kalman
filter 1llustrated 1n FIG. 14.

The observation update calculation unit 108 1n FIG. 8
performs observation update calculation of the Kalman filter
illustrated in FIG. 14.

The time extrapolation calculation and the observation
update calculation form a loop, and the loop formed by the
time extrapolation calculation and the observation update
calculation 1s executed repeatedly.

The Kalman filter estimates the state quantity such that a
diagonal component of an error covariance (error covariance
matrix P, =E<x;x;>, where E<a> 1s a variance of “a”) of the
state quantlty (state quantity X) to be estimated 1s the
smallest 1n each loop being repeated.
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The processing of the Kalman filter will be described in
due order.

In the time extrapolation calculation, from a state quantity
(x (-)) and an error covariance matrix (P (-)) of a previous
time, a state quantity (x(+)) and an error covariance matrix
(P(+)) of a following time are estimated based on a transition
matrix ¢ determined according to a dynamic model being
adopted.

At this time, process noise (Q that 1s an error expected
between the dynamic model and an actual phenomenon 1s
added to the error covariance matrix (P (-)).

The process noise Q 1s also determined according to the
adopted dynamic model and design.

From the estimated state quantity (x(+)), an amount vy
equivalent to an observation amount (y~ represents that “-”
lies directly above “y”; the same applies hereinafter) is
obtained, the amount y~ being estimated by an observation
model (y™=1(x)) expressing a relationship between the state
quantity and the observation amount.

In the observation update calculation, a residual (dz=y-vy)
being a difference between an actual observation amount
and the estimated observation amount 1s obtained to then be
converted 1nto a difference in the state quantity (dx=K-dz) by
using Kalman gain K expressed in an expression 1n FI1G. 14
and update the state quantity.

An observation matrix used in the observation update
calculation expresses the observation model and 1s obtained

by the following expression.

dz=H dx(dz=y—y=fX)-fix)=V_fdx=Hdx)

[Expression 2]

R included 1n the denominator of the expression of the
Kalman gain K represents observation noise expected to be
included 1n the observation amount.

4.2.3. Ambiguity Calculation

Next, ambiguity calculation performed by the ambiguity
calculation unit 109 1n FIGS. 8 and 9 will be described.

In order to realize highly accurate positioning, it 1s
conventionally required to perform positioning by using a
carrier phase with which the receiver noise 1s on the order of
millimeters (refer to FIG. 4).

The ambiguity being a bias amount 1s included i the
carrier phase but cannot be eliminated by the double difler-
ence calculation (refer to section 4.2.1), so that the posi-
tioming device 100 needs to estimate the ambiguity by
adding the ambiguity to the state quantity (position and
velocity) and eliminate the ambiguity.

A procedure of eliminating the ambiguity 1s described 1n
a list below.

(1) Estimate a position by using the pseudorange (refer to
sections 4.2.1 and 4.2.2).

(2) With the geometric distance found from the position
obtained 1 (1), estimate the ambiguity from the carrier
phase (refer to section 4.2.1).

(3) Repeat (1) and (2) for a while to make a variance of
the state quantity (position, velocity, and ambiguity) statis-
tically small.

(4) Use a method called a LAMBDA method to determine
an 1integer value (called a Fix solution) of the ambiguity (the
ambiguity has an integer value; refer to FIG. 4) that has a
decimal value (called a Float solution) at the time of step (3).

(3) Venily whether the Fix solution 1s correct and, when
correct, 1Ix the ambiguity to update the position correspond-
ing to the diflerence between the Float solution and the Fix
solution and realize the accuracy on the order of centimeters.

The LAMBDA method 1s a method of using the Float
solution of the ambiguity and an error covariance matrix
with a component corresponding to the Float solution as
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inputs, and searching for the Fix solution that results in the
smallest square sum average of the diflerence between the

Float solution and the Fix solution from a hyperdimensional
cllipsoid sphere determined by the magnitude of the error
covariance with the Float solution as the center.

It 1s hyperdimensional since the number of Float solutions
corresponds to the number of double differences (=number
of satellites—1), and the ellipsoid sphere instead of a sphere
1s used since a non-diagonal component of the error cova-
riance matrix 1s not zero.

The determination 1n the verification 1n (5) 1s made on the
basis of mformation such as the magnitude of the residual
using the Fix solution.

Second Embodiment

5. Measures Against Cycle Slip

In the present embodiment, measures taken by the double
difference residual analysis umt 110 in FIG. 8 against a cycle
slip will be described.

Ambiguity of a carrier phase remains constant while the
positioning device 100 keeps receiving a GPS signal (while
acquiring the GPS satellite).

When the positioning device 100 reacquires the GPS
satellite 300 after the acquisition 1s once interrupted, how-
ever, the ambiguity 1s sometimes oflset to another value
(which 1s called the cycle slip).

Once the cycle slip occurs, a discrepancy caused by the
oflset degrades positioning accuracy when using the ambi-
guity retained by the positioning device 100 before reacqui-
s1tiomn.

Thus, as with the multipath, areas such as urban and
mountainous areas in which acquisition of the GPS satellite
1s frequently interrupted require measures against the cycle
slip 1n order to achieve highly accurate positioning.

The double difference residual analysis unit 110 com-
pares, for each GPS satellite 300, the double difference
residual of the carrier phase (refer to section 4.2.2) with a
threshold (sixth threshold).

When the double difference residual of the carrier phase
exceeds the threshold, the double difference residual analy-
s1s unit 110 suspects that the cycle slip 1s generated and
instructs the ambiguity calculation unit 109 to recalculate
ambiguity of the GPS satellite 300, the double difference
residual of the carrier phase of which exceeds the threshold.

The ambiguity calculation unit 109 recalculates the ambi-
guity of the GPS satellite for which the calculation of the
ambiguity 1s instructed by the double difference residual
analysis umt 110.

6. Variation

While the embodiments of the present invention have
been described, two or more of those embodiments may be
combined and implemented.

Alternatively, one of those embodiments may be partially
implemented.

Yet alternatively, two or more of those embodiments may
be partially combined and implemented.

Note that the present invention 1s not to be limited by
those embodiments but can be modified 1n various manners
as needed.

7. Example of Hardware Configuration

Lastly, an example of a hardware configuration of the
positioning device 100 according to the first and second
embodiments will be described with reference to FIG. 19.

The positioning device 100 1s a computer that can 1mple-
ment each element of the positioning device 100 by a
program.
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The positioning device 100 has the hardware configura-
tion 1n which an arithmetic device 901, an external storage
902, a main storage 903, a communication device 904 and
an mput/output device 905 are connected to a bus.

The arithmetic device 901 1s a CPU (Central Processing,
Unit) executing the program.

The external storage 902 1s a ROM (Read Only Memory),
a flash memory and/or a hard disk device, for example.

The main storage 903 1s a RAM (Random Access

Memory).

The communication device 904 receives the observation
data and the broadcast ephemeris from the GPS satellite and
receives the reinforcement mnformation from the remnforce-
ment information distribution satellite.

The communication device 904 includes an AD (analog-
digital) conversion function.

The mput/output device 905 1s a touch panel display, for
example.

The program usually stored 1n the external storage 902 1s
sequentially read into the arithmetic device 901 and
executed while loaded to the main storage 903.

The program 1s a program 1mplementing the function that
1s described as . . . unit” 1n FIG. 8.

Moreover, the external storage 902 stores an operating
system (OS), at least a part of which 1s loaded to the main
storage 903 so that the arithmetic device 901 executes the
program implementing the function of the ** . . . unit” in FIG.
8 while executing the OS.

Furthermore, the main storage 903 stores as a file a piece
of mformation, data, a signal value and a variable value

representing the result of the processing described as “cor-
rection of . . . 7, “generation of . creation of . . . 7,
of ...” “evaluatlon of 7, “update of . “estimation
of .. extraction of . selection of 7, “reception

Note that the configuration 1n FIG. 19 merely illustrates
an example of the hardware configuration of the positioning
that 1s not necessarily the configuration 1llustrated in FI1G. 19
but another configuration.

2 &

e S 4 4

computatlon of 7 “calculatlon of 7 “determmatlon
of . and the like 1n the ﬁrst and second embodlments
device 100, which may thus have the hardware configuration

REFERENCE SIGNS LIST

100: positioning device, 101: approximate position/satel-
lite position calculation unit, 102: correction data creation
unit, 103: observation data screening unit, 104: observation
data error correction unit, 105: time extrapolation calcula-
tion unit, 106: geometric distance calculation umt, 107:
residual calculation unit, 108: observation update calcula-
tion unit, 109: ambiguity calculation umt, 110: double
difference residual analysis unit, 200: reinforcement infor-
mation distribution satellite, 300: GPS satellite, 400: rein-
forcement information, 501: observation data, and 502:
broadcast ephemeris

The 1nvention claimed 1s:

1. A positioning device comprising:

processing circuitry configured to:

execute least squares method positioning by using, as an
observation amount, n, n 1s an integer of 3 or larger,
number of single d1 ‘erence amounts of an L1-wave
pseudorange obtained from n pieces of observation data
from n number of positioning satellites and n pieces of
correction data corresponding to the n pieces of obser-
vation data,

10

15

20

25

30

35

40

45

50

55

60

65

14

calculate a sum of squares of n residuals obtained for each
positioning satellite by executing the least squares
method positioning,

normalize the n residuals,

evaluate the calculated sum of squares and the normalized
n residuals, and

apply correction to the n pieces of observation data used
for positioming based on the evaluation.

2. The positioning device according to claim 1, wherein

processing circuitry 1s further configured to evaluate by
being configured to

compare the sum of squares with a first threshold,

compare each of the n normalized residuals with a second
threshold, and

discard any of the n pieces of observation data when the
sum of squares exceeds the first threshold and when at
least any of the n normalized residuals exceeds the
second threshold.

3. The positioning device according to claim 2, wherein

processing circuitry 1s further configured to evaluate by
being configured to discard, from among the n pieces of
observation data, a piece of observation data from a
positioning satellite with the normalized residual hav-
ing the largest absolute value.

4. The positioning device according to claim 1, wherein

the processing circuitry 1s further configured to evaluate
by being configured to, for each positioning satellite,
compare signal intensity of a positioning signal with a
third threshold and discard observation data from a
positioning satellite with the signal intensity of the
positioning signal falling below the third threshold.

5. The positioning device according to claim 1, wherein

the processing circuitry 1s further configured to evaluate
by being configured to, for each positioning satellite, a
satellite elevation angle with a fourth threshold and
discard observation data from a positioning satellite
with the satellite elevation angle falling below the
fourth threshold.

6. The positioming device according to claim 1, wherein

the processing circuitry 1s further configured to evaluate
by being configured to, for each positioning satellite, a
pseudorange double difference residual with a fifth
threshold and discard observation data from a position-
ing satellite with the pseudorange double difference
residual exceeding the fifth threshold.

7. The positioning device according to claim 1,

wherein the processing circuitry i1s further configured to
calculate ambiguity for each positioning satellite,

wherein the processing circuitry i1s further configured to
evaluate by being configured to compare a carrier phase
double difference residual with a sixth threshold for
cach positioning satellite, and

wherein the processing circuitry i1s further configured to
recalculate ambiguity of a positioning satellite with the
carrier phase double difference residual exceeding the
sixth threshold.

8. A posltlomng device comprising:

processing circuitry configured to:

select a combination of n number of positioning satellites,
3=n<m, among observation amount obtained from m
number of single difference amounts of an L1-wave
pseudorange obtained from m pieces ol observation
data transmitted from m number of positioning satel-
lites observed and m pieces of correction data corre-
sponding to the m pieces of observation data, and
execute least squares method positioning for each com-
bination,
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calculate a sum of squares of n residuals obtained for each
positioning satellite by executing the least squares
method positioning,

normalize the n residuals, and

evaluate the calculated sum of squares and the normalized
n residuals, and

apply correction to the m pieces of observation data used
for positioning based on the evaluation.

9. The positioning device according to claim 8, wherein

the processing circuitry 1s further configured to evaluate
by being configured to

compare the sum of squares with a first threshold,

compare ¢ach of the n normalized residuals with a second
threshold, and

discard any of the m pieces of observation data when the
sum of squares exceeds the first threshold and when at
least any of the n normalized residuals exceeds the
second threshold.

10. The positioning device according to claim 9, wherein

processing circuitry 1s further configured to evaluate by
being configured to discard, from among the m pieces
of observation data, a piece of observation data from a
positioning satellite with the normalized residual hav-
ing the largest absolute value.

11. The positioming device according to claim 8, wherein

processing circuitry 1s further configured to evaluate by
being configured to perform positioning calculation
using n pieces of observation data of a combination
with a smallest sum of squares calculated from among
selected combinations.
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